Early age cracking (EAC) is a well-known problem area when it comes to concrete structures. e driving forces behind EAC are thermal dilation and autogenous deformation, but EAC is also strongly dependent on material and geometrical properties such as hydration heat development, tensile strength, E-modulus, creep, cross-sectional dimensions, and degree of restraint. e current document contains a description of the EAC design methodology that is currently being implemented in Norway. e basis of the methodology is to define and describe the material properties of a given concrete through laboratory testing and succeeding model fitting. e obtained material parameters are then evaluated and calibrated by comparing (1) stress development measured in a Temperature-Stress Testing Machine with (2) stress development calculated by using the obtained material properties and various multiphysical EAC calculation approaches. Special consideration is given to the effect of realistic curing temperature regimes on the various material properties and consequently on the EAC.
Introduction
Early age cracking (EAC) can prove a challenge when it comes to concrete structures. e major concern when it comes to EAC is "through-cracking," which may go through the whole thickness of the concrete member and further lead to functionality, durability, and esthetical problems. EAC is induced by restrained volume changes occurring in the hardening phase, where the driving forces are thermal dilation (TD) and autogenous deformation (AD). EAC is also strongly dependent on material and geometrical properties such as hydration heat development, coefficient of thermal expansion (CTE), tensile strength, E-modulus, creep, crosssectional dimensions, and degree of restraint. Early age crack assessment constitutes a combination of structural analysis and materials science; the volume changes of concrete and the associated cracking risk can be predicted by the use of calculation methods to assess the early age structural behaviour of the concrete, where the above-described material and geometrical properties are important input parameters. On the basis of such EAC calculations and in combination with good knowledge of the material properties of relevant concretes, proper choice of concrete type, mineral additives, and execution methods on site can be taken to minimize or even avoid cracking.
Various approaches at EAC calculations can be found in the literature. Examples of guidelines and prevailing regulations regarding cracking and design in the serviceability limit state (SLS) with respect to early age volume changes are Eurocode 2, CIRIA C766, Model Code 2010, CEOS.fr, NS3473, JCI Guideline, and BAW Guideline [1] [2] [3] [4] [5] [6] [7] . While some EAC design approaches merely are an estimation of whether the concrete will crack or not, other approaches also provide calculation methods that predict the size of the subsequent occurring crack widths. Common for all EAC calculation methods is that the accuracy of the outcome is very dependent on the quality and correctness of the material parameters used as input. An accurate characterization of the development of relevant material properties is therefore of great importance when it comes to the EAC design.
Material properties of concrete can be determined by laboratory experiments or more commonly by models found in guidelines and codes. e latter will automatically cause a degree of uncertainty to the EAC calculation results as several of the required material input parameters are complex and dependent on mix design, w/c-ratio, time, degree of hydration, curing temperature, etc. For instance, a weakness in most concrete material property mappings is that they are based on 20°C isothermal conditions and do not account for a realistic temperature curing regime [8] . is contradicts the fact that several studies state that a realistic curing regime may affect material properties such as AD, CTE, tensile strength, E-modulus, and compressive strength of concrete in a way that cannot be accounted for by the maturity principle [9] [10] [11] [12] [13] [14] [15] [16] .
Although not very common, early age stress development can be measured by specially designed experimental equipment. In 1969, the Cracking Frame was developed in München, Germany [17] . e Cracking Frame measured the stress response of concrete at early ages to changing temperatures in a concrete specimen with high, but unknown, restraint. In 1984, Springenschmid et al. developed the improved Temperature-Stress Testing Machine (TSTM) that was temperature and deformation controlled giving 100% restraint. Today, several different TSTM variants and other similar devices measuring stress development in hardening concrete are found around the world [12, [18] [19] [20] [21] [22] [23] [24] [25] . e TSTM at NTNU was built in 1995, and in 2012 it was reconstructed with a new measuring set-up and new software that, among other factors enabled the unique opportunity to define and simulate a predefined degree of restraint during testing [15, 26] . e TSTM at NTNU is temperature controlled, and it is constructed to measure the one-dimensional stress generation in a sealed concrete specimen through the hardening phase at a chosen degree of restraint. By applying a representative degree of restraint and temperature history, the TSTM is able to directly simulate the stress development over time for a given section of a concrete structure. In combination with multiphysical EAC analyses and "backcalculations," the TSTM thus provides a unique opportunity to bridge the gap between laboratory experiments and actual behaviour at the construction site.
Research in the EAC field has expanded strongly internationally since the early 90s with the RILEM Munchen conference as a starting point [27] .
is has resulted in several major conferences devoted directly to the topic or as special sessions at larger meetings [28] [29] [30] [31] [32] [33] [34] . In addition, large numbers of papers have been published in regular journals. Since the RILEM Munchen conference in 1994, the concrete group at NTNU has been strongly involved in the EAC field both on the materials and the experimental and computational aspects. e work has taken place both within EU and national projects involving industrial, institutional, and university participants. e outcome has been numerous publications, participations at international conferences, and workshops, as well as several Ph.D. theses [12, 15, [35] [36] [37] [38] .
Despite the above-described research in the field, dedicated EAC calculations have traditionally not been commonly included in structural design in Norway. Instead, requirements regarding maximum temperature increase and temperature gradients over the concrete cross section have been decisive [39] . Over the last decade, however, the focus on the EAC design has enhanced due to an increasing awareness in the industry, as well as a more frequently seen option to avoid temperature requirements by performing dedicated EAC calculations. In view of this, the currently presented material property characterization and EAC design approach has been established and developed within the research projects COIN [40] and DACS [41] over the recent years. e methodology aims to be pragmatic in the way that it includes high activity in the laboratory, and it is based on a close collaboration between research and industry in Norway. e overall aim has been to make the method accurate and advanced, but still practical and easy applicable for contractors and structural designers. e basis of the methodology is to define and describe the material properties of a given concrete through extensive laboratory testing and succeeding model fitting.
e obtained material parameters are further evaluated and calibrated by comparing (1) stress development measured in the TSTM with (2) stress development calculated by multiphysical EAC calculation approaches using the obtained material properties. In the current study, special consideration has been given to the effect of a realistic temperature curing regime on the various material properties and consequently on the EAC risk. e main objectives of the current work have been to develop and improve the above-described EAC design methodology and the corresponding concrete property characterization, including laboratory test methods. e laboratory work includes determination of decisive parameters for early age crack assessment, a parameter study on the fly ash content to show the relevance of the method, as well as several tests in the TSTM that form the basis of the work. An overall aim has been to make the EAC design methodology and the obtained data available for the Norwegian concrete industry. e need for a reliable and effective concrete property characterization and EAC design methodology is also rooted in the environmental aspect. In the years to come, concrete will change due to its current contribution to CO 2 emissions and its use of natural resources.
e industry needs to be prepared for property characterization and EAC design of the upcoming next generation of concretes with low-CO 2 cements and recycled aggregate [42] .
Experimental Equipment
e experimental equipment used in the current study is described as follows.
e hydration heat evolution of the concretes was measured by semiadiabatic calorimeter tests. 15 litre samples of concrete were cast into plywood boxes insulated by 100 mm Styrofoam on all sides. During testing, the box was stored in air at 38°C while the air and concrete temperature was measured continuously for 5 days. e measured temperature development was converted to isothermal heat development as a function of maturity. e heat loss to the environment was calculated by assuming that the heat flow out of the box was proportional to the temperature difference between the concrete and the environment. e method is commonly used in Norway and described in NS 3657:1993 [43] . e compressive strengths of the investigated concretes were determined on 100 mm cubes, which is the standard specimen for compressive strength testing in Norway. e tests were performed in accordance with NS-EN 12390-3:2009. e tensile strength and the tensile E-modulus were determined by uniaxial strength tests in an INSTRON 5985 electromechanical testing system [44] , which has been the standard method for uniaxial tensile strength determination at SINTEF/NTNU in Norway for several years [45] . At each end of a 100 × 100 × 600 mm vertically oriented specimen, tensile loading was applied by specially designed grips designed to ensure a uniform stress distribution. e tensile stress development was measured directly from the centre of the loading axis by a load cell system, up until the specimen developed failure in tension. During testing, two displacement transducers installed on opposite sides of the specimen measure the deformation over the 100 mm midsection. e strain rate during testing was approximately 100 × 10 − 6 per min. e load-deformation curve obtained during the tensile strength test was also used to calculate the tensile E-modulus. e tensile E-modulus was defined as the stress/strainratio between 10% and 40% of the failure load. e stress development in the hardening phase was measured by the Temperature-Stress Testing Machine (TSTM) at NTNU. e TSTM system comprises a dilation rig and a TSTM, both connected to a temperature-control system (Julabo FP45), which provides an accurate control of the concrete temperature during testing. e dilation rig is the "dummy" rig following the TSTM (Figure 1 ). It measures the free deformation, i.e., TD and AD, of a 100 × 100 × 500 mm horizontally oriented concrete specimen. e dilation rig formwork is made of 5 mm thick copper plates surrounded by 5 mm copper pipes with circulating water connected to the temperature-control unit. e formwork and the copper pipes are covered with insulation. Movable end plates made of polystyrene and steel, respectively, are placed at each short end of the formwork, allowing the end plates and hence the concrete specimen to move freely during the experiment. Measuring bolts made of invar steel are cast directly into each short end of the concrete specimen. After casting, an inductive displacement transducer (LVDT) is mounted at each short end, providing a free connection between measuring bolts and LVDTs. e temperature-induced length change of the measuring bolts is calculated and compensated for in every experiment. Temperature measurements are started immediately after casting, while length change measurements are initiated after approximately 2 hours, depending on the concrete and its early stiffening characteristics. During testing, the concrete specimen is carefully sealed with plastic and aluminum foil. e TSTM measures the stress development in the hardening phase at a given degree of restraint, R. e TSTM consists of an outer steel frame that, nearly frictionless, supports two movable crossheads and a movable midsection (Figures 1 and 2) . Together, the two crossheads and the midsection constitute a formwork into which the horizontally oriented concrete specimen is cast. e TSTM formwork is composed in the same way as the dilation rig formwork, with 5 mm copper plates surrounded by 5 mm copper tubes (containing circulating temperature-controlled water) covered by insulation. e crossheads and the top covers are also temperature controlled, providing a uniform temperature history in the whole concrete specimen during testing. e TSTM concrete specimen is shaped as a "dog bone." e central 700 mm of the midsection, the measuring length, has a rectangular cross section with dimensions 88 mm (width) × 100 mm (height). Outside the measuring length, the width of the concrete cross section increases linearly on both sides until it reaches 100 mm at the crossheads. e cross-sectional width continues to increase gradually up to 225 mm within the crosshead, providing restraint for the concrete specimen. Prior to casting, two measuring bolts are installed in the TSTM midsection with a distance of 700 mm, defining the measuring length. e measuring bolts go through the temperature-controlled mould and are embedded in the concrete during casting. e concrete specimen deformation is measured as the length change between the two measuring bolts by two inductive displacement transducers (LVDTs), one on each side of the concrete specimen (see Figure 1 ). A load cell is mounted to the right crosshead, Figure 2 , measuring the restraining force transferred through the concrete cross section during testing. During testing, the concrete specimen is carefully sealed with plastic and aluminum foil. e software is connected to the LVDTs and the load cell, as well as to a high-precision screw moving the left crosshead ( Figure 2 ). e magnitude of the crosshead movement induced by the software is decided by (1) the length change in the concrete measured by the LVDTs, (2) the load measured by the load cell, and (3) the user defined parameters in the software. e TSTM is by this both deformation controlled and load controlled. In addition, the new software allows the user to choose a desired degree of restraint in the range between 0 and 100%, where the degree of restraint is defined as the ratio between restrained and total deformation in the TSTM tests times 100%. For TSTM tests with a realistic temperature curing regime, R is normally set to 50%, which represents typical restraint conditions for a wall on a slab [47] . A degree of restraint of 50% provides a longer measurement period before the specimen develops failure in tension and thus provides more data than if the specimen was to be fully restrained.
e TSTM system has several areas of application. Subsequent to a restrained stress test, the coefficient of thermal expansion (CTE) can be found by applying a series of temperature steps of ±3°C around an initial temperature of 20°C to the TSTM system. In addition, results from Advances in Materials Science and Engineering 3 restrained stress tests in the TSTM can be used to deduce the incremental E-modulus development over time as well as the starting time for stress development t 0 [46] . e TSTM can also be used for other experimental purposes than the previously described restrained stress measurements. Creep and relaxation tests as well as determination of restraint stresses due to drying shrinkage can be performed in the TSTM [38, 46, 48] . A detailed description of the TSTM system and its possibilities are given in [15] . It should be noticed that in the current study, the concrete specimens have been thoroughly sealed and it was therefore decided to neglect drying shrinkage. For massive concrete structures, and in a short-term perspective, drying shrinkage will be small and may generally be ignored.
Concrete Mix Design and Test Program
e current study includes four concretes: one reference concrete without fly ash (ANL ref.) and three concretes with a varying amount of fly ash (ANL FA17, ANL FA33, and ANL FA45). e concrete composition, as well as total fly ash content, is given in Table 1 . e reference concrete, ANL ref., contains no fly ash, and it is made with Portland cement CEM I "Norcem Anlegg" [49] . e fly ash concretes, on the other hand, are made with Portland-fly ash cement CEM II/ A-V "Norcem Anlegg FA," where 17% fly ash is interground with the clinker. All concretes were made with a water-tobinder ratio of 0.4 and a cement paste volume of 292 l/m 3 . e fly ash content was increased by replacing cement with fly ash 1 : 1 by weight, while keeping the water-to-binder ratio and the cement paste volume constant. e fly ash content is given as a percentage of the total amount of cement + fly ash. A detailed cement composition can be found in [15] . e currently described methodology for the EAC design is the result of a close collaboration between research and industry in Norway. Consequently, the investigated concretes and fly ash contents were chosen based on common practice in the Norwegian concrete industry. e exception was the fly ash content of 45%, which was included in order to "challenge" the national regulations.
e Norwegian Standard allows up to 35% fly ash, while the NPRA (Norwegian Public Roads Administration) allows up to 40% fly ash. Silica fume was added to the mix as it is an absolute requirement for all concrete used for infrastructural facilities in Norway [39] . Table 2 presents the experimental programme carried out in the current study. e programme includes hydration heat evolution, development of compressive strength, direct uniaxial tensile strength, and tensile E-modulus, as well as free deformation and restrained stress tests in the TSTM. e current study focuses on early age cracking, where the E-modulus in tension is a main material property. In addition, the comparable incremental E-modulus development in the TSTM is mainly based on tensile load application. Due to this, the current article reports tensile E-modulus only. Corresponding compressive E-moduli for the investigated concretes are reported and compared with the currently presented tensile E-moduli in [15] . e TSTM tests were carried out under semiadiabatic conditions, i.e., each concrete was subjected to its own semiadiabatic temperature history representing a section of an 800 mm thick wall subjected to Norwegian summer or winter conditions. ANL FA17 and ANL FA45 were also tested with temperature regimes representing Norwegian winter conditions. Norwegian summer conditions imply a fresh concrete temperature of 20°C and an ambient temperature of 20°C, while Norwegian winter conditions are represented by a fresh concrete temperature of 10°C and an ambient temperature of 5°C. e temperature histories were determined from the program CrackTeSt COIN, using the obtained hydration heat development for each concrete and the geometry of the wall as input.
EAC Design Methodology
e current EAC design methodology is pragmatic in the way that it includes high activity in the laboratory. e focus has been on making the method accurate and advanced, but still practical and easy applicable for contractors and structural designers. e basis of the methodology is to define and describe a given concrete through laboratory testing and succeeding model fitting. e obtained material parameters are then evaluated and calibrated by comparing (1) stress development measured in a Temperature-Stress Testing Machine with (2) stress development calculated by various EAC calculation approaches using the obtained material properties. e main steps in the EAC design methodology are illustrated in Figure 3 and described as follows:
(a) Material properties, such as heat, strength, and E-modulus development over time, are determined from dedicated laboratory tests for the investigated concrete (b) Selected material models are fitted to the test results to provide numerical descriptions of the various properties (c) A material database is established, comprising material properties and corresponding model parameters for the given concrete (d) A restrained stress test is performed in the TSTM, where the specimens are subjected to a curing temperature regime representing a selected section of an 800 mm thick wall structure (e) e TSTM stress development is "back-calculated" by various EAC calculation approaches based on the established material database (f ) e material database is evaluated and calibrated by comparing the calculated stress development with the stress development measured in the TSTM e above-described steps result in a material database that can be used for early age crack assessment and structural design for a given concrete. e tests in the TSTM constitute a valuable calibration and verification of the established material database. In addition, the TSTM tests include the Advances in Materials Science and Engineering 5 effect of a realistic temperature curing regime on EAC and the corresponding material parameters.
Material Models and Early Age Stress Calculations
e current study applies the maturity principle, and the compressive strength, tensile strength, and E-modulus were modelled by equation (1), which is a modified version of the CEB-FIP MC 1990-model [50] (see [51] [52] [53] ):
where X(t e ) is the property as a function of maturity t e , X (28) is the property at 28 days, s and n are curve-fitting parameters, and t 0 is the start time for stress development (maturity time).
Consequently, the equations describing the compressive strength, tensile strength, and E-modulus are as presented in equation (2)-(4), respectively. e s parameter is the same for all properties, while the n parameter is varying [51, 52] :
In the above-described equations, the start time for stress development t 0 was found from the TSTM tests as the maturity time when the measured restrained stress reaches 0.1 MPa for tests performed under realistic (summer) temperature. e other model parameters were found by fitting the above-described models to the corresponding test results by using the method of least squares. e uniaxial stress development in the TSTM was backcalculated, i.e., simulated, by three different calculation approaches: TSTM-sim, CrackTeSt COIN, and DIANA. TSTM-sim serves as a specially designed low-threshold method to back-calculate the stress development measured in the TSTM in order to calibrate and/or verify the material parameters and models used. e alternative calculation methods CrackTeSt COIN and DIANA were included in order to evaluate and verify the TSTM-sim approach. Simultaneously, TSTM-sim in combination with restrained stress tests in the TSTM constitutes an evaluation of DIANA and CrackTeSt COIN for practical purposes.
TSTM-sim is a specially designed 1D calculation routine programmed in Excel and Visual Basic. e program Advances in Materials Science and Engineering simulates the stress development in the TSTM using the following input parameters: (1) material parameters describing the given concrete, (2) temperature measured in the TSTM, (3) free deformation and temperature measured in the parallel dilation rig, and (4) the degree of restraint applied in the TSTM test. TSTM-sim applies the maturity principle and calculates E-modulus and tensile strength development over time. Subsequently, the creep and stress development over time are computed. e time-dependent stress response of concrete is described based on linear viscoelasticity for ageing materials, which implies that the creep strains under a constant stress are linearly related to the stress level. is linearity was modelled by the compliance function J(t, t ′ ) combined with the Double Power Law [54] :
where t (days) is the concrete age, t ′ is the concrete age at which the actual stress was applied, E c (t e ′ ) is the E-modulus at t e ′ , t e ′ is the equivalent age (maturity) at t ′ , and φ 0 , d, and p are creep model parameters. e principle of superposition applied ageing of concrete can be interpreted as ". . . the strains produced at any time t by a stress increment applied at age t ′ < t are independent of the effects of any stress applied earlier or later" [9] . By combining the theory of linear viscoelasticity with the principle of superposition, the total strain for a variable stress history can be expressed in discrete form by equation (6) , which is the basis for the TSTM back-calculations in TSTM-sim [15] :
where the total strain increment generated over a time interval (Δε � ε(t 2 ) − ε(t 1 )) is given by the actual degree of restraint in the TSTM, J(t, t ′ ) is the compliance function, Δ(σ(t ′ )) is a stress increment induced at time t ′ , and (ε as (t) + ε T (t)) is the free deformation measured in the dilation rig. e creep model used in TSTM-sim is not unique, and several alternative approaches are found in the literature (e.g., [55] [56] [57] ). e currently used model constitutes a simplification of the real material performance, and it was chosen based on previous experience at NTNU, where it has been found to be suitable and sufficiently accurate when evaluating creep test results and performing EAC calculations. e 2D special-purpose program CrackTeSt COIN [58] was also used to simulate the stress development in the TSTM during testing. CrackTeSt COIN calculates temperature, strength, stress, and cracking risk over time in hardening concrete structures. An early age stress calculation in CrackTeSt COIN consists of a heat flow analysis followed by a structural analysis. e time-dependent stress response is described by a Maxwell chain model, i.e., the calculations are based on relaxation curves. e creep parameters were therefore converted to relaxation data by the program RELAX [59] prior to the TSTM simulations in CrackTeSt COIN. In the TSTM back-calculations, the concrete temperature development was modelled as an external temperature history over time.
e free dilation measured in the dilation rig was applied the TSTM model as follows: (1) thermal dilation induced by the enforced temperature development and (2) autogenous deformation applied as concrete shrinkage.
DIANA [60] , a well-known multipurpose 3D FEM program, was the third approach used to simulate the stress development in the TSTM. In DIANA, the TSTM simulation was performed as a staggered flow-stress analysis. is involves a transient heat flow analysis followed by a structural analysis. Also for the DIANA analyses, the temperature development in the modelled concrete specimen was applied as an external temperature history over time. e measured free dilation in the dilation rig was applied to the TSTM model as a time dependent prescribed displacement; hence, the thermal expansion and the shrinkage strains in the material model were set to zero since they were already taken into account by the dilation rig measurements. In DIANA, both the Double Power Law and Maxwell chains are available when describing the creep/relaxation behaviour of the concrete. As opposed to the previously described Excel calculation, the creep ratio, ϕ(t, t′), in DIANA is not maturity dependent. For the calculations based on relaxation and Maxwell chains, the given creep parameters were transformed to relaxation data by the program RELAX [59] . e currently used approaches for early age stress calculations are more thoroughly described in [15] .
Results and Discussion
Test results and deduced model parameters for the investigated concretes are presented in Table 3 and Figure 4 . e activation energy parameters A and B in Table 3 were determined based on compressive strength tests on specimens cured under 5°C, 20°C, and 35°C, respectively. ese tests and the succeeding derivations are described and reported in detail in [15] . e semiadiabatic calorimeter test results confirmed the well-known fact that the concrete heat evolvement is systematically decreasing with increasing amount of fly ash (Figure 4(a) ). It should, however, be noticed that the currently used ANL FA cement had quite an aggressive hydration heat evolvement when compared to previously used batches of ANL FA cement. In fact, the hydration heat evolvement of the currently used ANL FA (16.6% fly ash) was almost as high as that of ANL ref. (without fly ash). is irregular high hydration heat evolvement could be caused by an unfavorable combination of a rather high fineness (Blaine: 389 m 2 /kg) and a slightly lower fly ash content (16.6%) when compared to a previous tested batch that had a fineness and a fly ash content of 370 m 2 /kg and 17.8%, respectively. e hydration heat evolvement for a given batch of cement is also influenced by other parameters, such as cement composition and fly ash batch. ese results illustrate that the heat evolvement in the hardening phase can vary considerably between different batches of cement, and Advances in Materials Science and Engineering it underlines the importance of regular heat evolution tests during the construction period. e 28-day compressive strength, which is the most commonly used quality class parameter, was systematically decreasing with increasing fly ash content. However, due to the considerable property increase beyond 28 days was seen for the fly ash concretes, the difference in compressive strength between the investigated concretes seemed to be decreasing over time. At 91 days, the compressive strength of ANL ref. and ANL FA were in the same range (Figure 4(c) ). e deduced s parameters, which describe the compressive strength development of the concretes, are given in Table 3 .
e s values were in the same order of magnitude as found in other studies (e.g., [51, 61] ). e 28-day tensile strength was also decreasing with increasing amount of fly ash (Figure 4(d) ). However, the differences in tensile strength between the concretes were decreasing over time due to the considerable late property development seen for fly ash concretes. e models actually indicate that the tensile strength of ANL FA45 surpasses ANL FA33 at approximately 28 days. e model parameters were found from mechanical testing up until 28 days according to common practice. Hence, the model and its parameters do not accurately describe the considerable property development beyond 28 days for the fly ash concretes. While the model predicts a tensile strength of 3.3 MPa and 3.4 MPa at 91 days for ANL FA33 and ANLFA45, respectively, the actual measured tensile strength was much higher: 4.1 and 4.0 MPa, respectively. is should be taken into account when evaluating the tensile strength and risk of cracking beyond 28 days, but for most structures, the main risk of EAC will occur prior to 28 days. Further research and more data are required to achieve reliable models that include the late property development of fly ash concretes.
e tensile E-modulus was found to decrease with increasing fly ash content for all test ages (Figure 4(e) ). During the current study, unsatisfying agreement was seen between the E-modulus found from the test program, E 28 , and the E-modulus deduced from stress-strain increments in the TSTM, E TSTM . It was suspected that realistic temperature curing conditions could have an effect on the mechanical properties.
erefore, a series of mechanical testing was carried out with the aim to investigate the effect of curing temperature on compressive strength, tensile strength, and E-modulus [16] . e test program showed that a realistic curing temperature regime caused an increase in the initial E-modulus development for the fly ash concretes that could not be accounted for by the maturity principle. It was therefore decided to increase the 28-day E-modulus according to the TSTM tests in the currently established material database (see Table 3 ). e coefficient of thermal dilation (CTE) is a complex parameter that varies with both concrete mix constituents and time (degree of self-desiccation) [62] . e current work applied the commonly used simplification of a constant CTE, which was determined as an average value found from temperature loops at the end of restrained stress tests in the TSTM. A tendency of a slight increase in CTE with increasing amount of fly ash was seen in Table 3 .
For each TSTM test, the AD development was deduced by removing TD from the total deformation measured in the dilation rig using the CTE. e AD developments for the investigated concretes are presented in Figure 4 (f ), where the graphs are zeroed at the starting time for stress development, t 0 . It should be noticed that the AD curves are presented as a function of time and not maturity, i.e., they represent the AD development over time in the currently defined 800 mm thick wall for a given concrete exposed to its own individual curing temperature history. A considerable variation was seen in the deduced AD, which was found to be strongly dependent on the temperature increase during curing (see [15, 63] ). e applied simplification of a constant CTE will introduce an inaccuracy to the deduced AD; however, the current stress calculations are based on the total measured deformation and are therefore not affected by the choice of CTE. If using the deduced AD in combination with another temperature history, the simplification of a constant CTE would only have a limited influence on the stress development, as the small possible inaccuracy of the AD occurs in a phase where the E-modulus is still rather low [15, 63] . e creep parameters originally used in the calculations were assumed based on previous experience with similar concretes. However, the TSTM back-calculations revealed a deviation between calculated and measured stress development that was increasing systematically with the fly ash content. is deviation was suspected to be caused by the assumed creep parameters and it was therefore decided to perform dedicated creep tests on ANL FA and ANL FA33 in the TSTM. ese creep tests and the appurtenant results are described and presented by Klausen et al. [46] . e new model parameters provided much better agreement between measured and back-calculated stress development (Table 3 and Figure 5(a) ). is exercise illustrates the main concept of the current TSTM methodology, using the TSTM as a "solution" in order to evaluate and calibrate the determined model parameters of the investigated concrete. Figure 5 (b) shows measured and calculated stress developments for ANL ref. subjected to a realistic temperature curing regime, representing Norwegian summer conditions. e stress developments were calculated by TSTM-sim, CrackTeSt COIN, and DIANA using the Double Power Law Advances in Materials Science and Engineering (DIANA DPL), and all approaches were based on the same material parameters. e calculated stress curves showed very good agreement, both with each other and also with the corresponding measured stress. All calculation approaches provided an accurate description of the compressive phase, while the DIANA calculation gave a slightly lower tensile stress development over time than the other approaches. e reason for this is situated in the creep calculations, as the creep ratio, ϕ(t, t ′ ), in DIANA is not maturity dependent. All in all, the calculation approaches combined with the previously determined material parameters must be said to provide a very accurate simulation of the stress development in the TSTM. A corresponding agreement between the various calculation approaches was also seen for the other investigated concretes, and consequently, the specially designed TSTM-sim simulation routine in Excel was evaluated and verified by CrackTeSt COIN and DIANA. In the following, TSTM-sim has been used to back-calculate the measured stress development in order to evaluate and verify the material properties for the rest of the concretes.
Measured and calculated stress developments for the investigated concretes subjected to realistic temperature curing regimes representing Norwegian summer conditions are presented in Figure 6 . It should be noticed that each concrete was subjected to its own semiadiabatic temperature history, representing a section of an 800 mm thick wall ( Figure 5(b) ). To differentiate between the concretes and their individual temperature histories, the following notation was used: "Concrete name (T ini /T max )," where T ini is the initial temperature of the fresh concrete and T max is the maximum concrete temperature during testing. All realistic temperature tests in the TSTM were applied a degree of restraint of R � 50%. Figure 6 (a) shows measured and calculated stress development for three nominal identical TSTM tests performed with ANL ref.
e measured stress development showed very good reproducibility between the tests, with a standard deviation at 48 and 96 hours of only 0.03 and 0.06 MPa, respectively. In addition, there was also a very good agreement between the measured stress development and the corresponding back-calculation. For ANL FA, two nominal identical TSTM tests were performed ( Figure 6(b) ). e tests provided very similar measured stress developments, as well as good agreement between measured and calculated stress. Figures 6(c) and 6(d) show measured and calculated stress developments for ANL FA33 and ANL FA45, respectively. Both tests showed rather good agreement between measured and calculated stress; however, a small underestimation of the tensile stress development over time was seen for ANL FA33.
is small deviation could be caused by a temperature-induced initial increase in the E-modulus. Although the temperature effect on the 28-day value for the E-modulus was corrected for by replacing E 28 with E TSTM , a corresponding temperature-induced increase in the E-modulus development rate over the first few days has not been accounted for (see [15, 16] ). In summary, the TSTM provided very good reproducibility for the nominal identical tests. In addition, the TSTM tests and the corresponding back-calculations verified the calculation approaches and the established material database for all investigated concretes.
e Norwegian climate with its cold winters can be challenging when it comes to concrete construction. It has been seen that the tensile strength for high-volume fly ash concretes can be very slow at low/moderate temperatures, and it was suspected that this effect could override the beneficial effect of reduced heat development. erefore, it was decided to perform tests in the TSTM, where the concrete was subjected to Norwegian winter conditions, which in the current study was defined to involve a fresh concrete temperature of 10°C and an ambient temperature of 5°C. Figure 7 shows measured and calculated stress development for ANL FA17 and ANL FA45 exposed to winter conditions. Measured and back-calculated stress developments gave good agreement also for these temperature curing conditions. Hence, the current EAC methodology proves robust, as the established material database was found to be valid also for temperature curing conditions representing other climatic conditions. Figure 8 (a) shows a compiled set of stress development curves measured in the TSTM. When focusing on the fly ash concretes only (which all are based on the same cement Anlegg FA), both the compressive and tensile stresses were decreasing with increasing fly ash content for the given wall example and temperature conditions (800 mm thick wall, summer and winter conditions). As seen in Figure 4 (a), the maximum temperature during curing, T max , is decreasing with increasing fly ash content. Consequently, a reduction in T max reduces both the concrete expansion, i.e., the initial compressive stress development, and the thermal contraction during the cooling phase. However, this fly ash-induced reduction in tensile stress development must be considered in combination with the corresponding reduced tensile strength. erefore, the crack tendency of the concretes was evaluated based on the crack index, i.e., the occurring tensile stress divided by the corresponding tensile strength (see Figure 8(b) ). For the investigated concretes and structural case, an increasing replacement of cement by fly ash was found to reduce the cracking tendency. e concrete with the highest fly ash content, ANL FA45, was found to provide the lowest crack index for both summer and winter conditions for the given 800 mm thick wall. e ANL ref. tests contributed significantly in regards of reproducibility documentation of the TSTM; however, they were not directly comparable with the fly ash concretes as they were made from different cement. Originally, the ANL ref. concrete without fly ash was expected to give the highest cracking tendency. However, due to a combination of several unfavorable circumstances, the cracking risk of both ANL FA17 and ANL FA33 actually surpassed ANL ref. over time (Figure 8(b) ). e reasons for this were (1) the irregular high hydration heat evolution of the currently used ANL FA cement batch, (2) the high AD seen for fly ash concretes exposed to high curing temperatures, (3) the temperatureinduced increase in E-modulus at early ages observed for fly ash concretes, and (4) the low tensile strength development rate at early ages for fly ash concretes. e current article shows that replacing cement with fly ash could reduce the cracking tendency of concrete; however, the risk of EAC is also influenced by several other parameters such as e.g., cement batch, aggregate type, w/cratio, and addition of shrinkage-reducing admixtures (SRA) [64] . Accurate concrete property characterization and Advances in Materials Science and Engineering corresponding EAC design methodologies should therefore be included in design of concrete structures, where EAC could be an issue.
Summary and Conclusion
A design methodology on early age cracking (EAC) and a corresponding concrete property characterization method based on laboratory testing and the Temperature-Stress Testing Machine (TSTM) has been established and developed during the current work:
(i) e TSTM provided very good reproducibility and reliable results during the study. For instance, creep parameters directly deduced from restrained stress tests in the TSTM gave very good agreement with corresponding dedicated creep tests. Due to its reliability, tests in the TSTM constitute a valuable calibration and verification of the material and model parameters established for a given concrete.
In addition, the TSTM tests include the effect of a realistic temperature curing regime on EAC and the corresponding material parameters.
(ii) Good agreement was found between early age stress developments calculated with TSTM-sim (Excel), CrackTeSt COIN, and DIANA, respectively. When correcting for the temperature effect on the 28-day value for the E-modulus, the calculations also showed very good agreement with the corresponding stress development measured in the TSTM, both for summer and winter temperature curing conditions. is overall agreement supports the validity and robustness of the calculation approaches as well as the applied model parameters.
(iii) Based on the current property mapping and calibration, a material database for the investigated concretes was established in the special-purpose program CrackTeSt COIN. CrackTeSt COIN and the appurtenant material database now constitute a facility by which contractors and structural designers can estimate proper choice of concrete type, mineral additives, and execution methods on-site to minimize or even avoid cracking. (iv) Several material parameters that affect EAC are dependent on the concrete curing temperature in a way that only to a certain extent can be described by the maturity principle, e.g., tensile strength, E-modulus, and autogenous deformation (AD). Hence, the current results strongly suggest that such parameters should be measured under relevant realistic temperature curing conditions. (v) For the investigated concretes and structural case, an increasing replacement of cement by fly ash was found to reduce the cracking tendency.
In the years to come, concrete is expected to change due to its current contribution to CO 2 emissions and its use of natural resources. e industry needs to be prepared for property characterization and EAC design of the upcoming next generation of concretes with low-CO 2 cements and recycled aggregate.
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